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Lake Monona Causeway - Madison, Wisconsin, USA
W. W. Warzyn
Senior Consultant, Warzyn Engineering Inc., Madison, Wisconsin

C. A. Stoll
Principal Geotechnical Engineer, Warzyn Engineering Inc., Madison, Wisconsin

SYNOPSIS
In 1965 and 1966, a 3,500 1 long, hydraulically-placed, highway embankment was constructed
over the very soft lakebed deposits of Lake Monona. The compressible deposits, which ranged in
thickness from 40' to 80 1 , included marl, organic silt and silty clay. An incipient shear failure
occurred near the end of the 1965 construction season, necessitating embankment design and construction modifications. Pertinent slope stability and settlement data are summarized, as are timedependent changes in in-situ subsoil parameters. Measured settlements, which currently range from
3' to more than 12 1 , agree well with basic consolidation theory and engineering predictions formulated at project inception. General observations with respect to design, construction and overall
performance of the causeway embankment are also provided.

less than 50 feet thick and typically consist
of stratified clay, silt, sand and marl.

INTRODUCTION
The Monona Causeway, Figure 1, is located in
Madison, Wisconsin, U.S.A., at the southwestern
terminus of Lake Monona.
It is part of a
roadway system which carries traffic from a
southerly beltline highway to downtown Madison.

PROJECT DESCRIPTION
The highway project includes a land approach
from the south and a causeway across Lake
Monona. The route begins about 3,000' southwest of Lake Monona.
The causeway portion of
the route is about 3,500 1 1 ong and is bounded
on the west by the existing railroad causeways
and on the east by the dock line.

Initial project interest dates back to 1927
when the Wisconsin State Legislature established a "dock line" for right-of-way.
In
1961, a preliminary study funded by the City
of Madison concluded that a budget of approximately $1,000,000 would be required to construct the lake portion of the project.

The causeway embankment is designed to permit
ultimate construction
of a six-lane divided
highway.
In addition, three (3) bridge openings
are provided to permit adequate circulation of
water between the 1 ake and bay, as well as for
boat access thereto.

John A. Strand and Associates, Inc., Consulting Engineers, Madison, was retained by the
City of Madison in 1963 to perform the engineering work for the highway project.
Warzyn
Engineering Inc.,
Madison, served
as
the
geotechnical consultant.

GEOTECHNICAL INVESTIGATION
GEOLOGICAL SETTING
The purpose of the initial subsurface investigation, which was performed in 1963, was twofold: 1) to provide pertinent geotechnical
engineering parameters for embankment design,
construction and maintenance; and 2) to locate
a potential, nearby source of sand fill.
The
investigation included 28 soil borings; see
Figure 3.
Sixteen (16)
borings, spaced at
300 1 to 500 1 intervals, were performed within
the project right-of-way.
Four (4) borings,
spaced at 500 1 to 700' intervals, were performed
through the existing railroad embankments. The
balance of the borings were performed in an
area approximately 1 ,000' to 2,000 1 east of
the southern terminus of the proposed causeway
route to
delineate a suitable sand borrow
area. Boring depths ranged from 30 1 to 135 1 •

The City of Madison is located within the
upper Yahara River basin, Figure 2. The Yahara
River has few tributaries and a somewhat aimless drainage pattern. Lakes Me.ndota, Monona,
Waubesa, Kegonsa and Wingra dominate the valley.
Lake levels range between Elevations 842 and
849, u.s.G.S.; basin depths range from about
20' to 85 1 •
Generally, the lowlands adjacent
to the lakes and the Yahara River are marshy,
whereas the uplands are well-drained.
The Quartenary age surficial deposits, which
generally are of glacial origin, vary greatly
in
thickness
and composition within short
distances. These deposits include unconsolidated loess, marsh deposits, glacial
lake
deposits, outwash, and alluvium and morainal
deposits. The glacial lake deposits are usually

The soil
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borings

were

performed in accordance

Figure 1.

Monona Causeway, 1975 Aerial Photograph.

with ASTM procedures for "Standard Penetration
Test and Split Barrel Sampling of Soils" (ASTM
Designation: D-1586). This method consists of
driving a 2-inch outside diameter split barrel
sampler using a 140 pound weight falling freely
through a distance of 30 inches.
The number
of blows required to drive the sampler 12" into
the existing subsoils, at various depth intervals, is recorded on the log of boring and is
known as the standard penetration test (SPT).

SUBSURFACE CONDITIONS
Subsurface conditions along the length of the
proposed causeway route are quite variable.
In
general, the subsoil profile consists of two or
three distinct substrata of very soft, compressible lakebed
sediments
overlying
granular
deposits of medium to very dense relative density. The contact between the uppermost lakebed
sediments and
underlying granular deposits
ranges from about 45 1 to 95 1 below lake level,
generally increasing as one moves north across
the bay.

Relatively undisturbed samples of the compressible lakebed deposits were obtained by hydraulically forcing 2" and 3" outside diameter,
thin-walled tubes into the soils.

Water depths along the causeway route, at the
time of
the
borings, typically ranged from
5 I to 15 I o

The accompanying laboratory testing program consisted primarily of simple classification and
strength tests. Several conventional, one-dimensional consolidation tests were also performed.

The lakebed
sediments, in descending order,
include gray, spongy, calcareous silt, dark
gray organic silt and tan silty clay. Figure 4
graphically depicts the variation in subsurface
conditions as one moves north along the causeway
route. The calcareous si 1t deposit, or marl,
is not present at Boring No. 3 ( Sta. 86+21),
where the compressible lakebed sediments extend
to a depth of about 45 1 below lake level.
The marl is first encountered at Boring No. 5
(Sta. 94+65), though it does not exceed about
5 1 in thickness. At Boring No. 11 (Sta. 108+10),
the marl reaches its maximum thickness of 35 1
to 40 1 and the compressible lakebed sediments
extend to depths in excess of 90 1 bel ow 1 ake
level.
It is further noted that the uppermost, calcareous silt deposit is often referred to as marl.
The origin of this marl is small mollusk shells,
such as snails, and lime carbonate deposited
through the action of 1 ow forms of vegetation
chiefly growing in water of shallow lakes and
ponds.

0

Using the results of laboratory classification
and strength tests, physical properties of the
three (3) lakebed sediments are summarized in
Table I.

N

Figure 2.

UQper Yahara River Basin.
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Figure 3.

Boring Location Plan.
Completion of the overall
scheduled for July, 1967.

Figure 5, which is a Plasticity Chart, further
illustrates the variation in physical properties
of the three (3) lakebed sediments.

In 1964, ultimate settlement was estimated at
10' to 12', which corresponded to long-term
settlement of the adjacent ra.ilroad fills as
interpolated from existing boring information.
Time of consolidation was estimated to exceed
10 years; consequently, two (2) relevelings of
the causeway surface, including replacement of
the highway base course and bituminous surfacing, were figured into the original cost estimate.

EMBANKMENT CONSTRUCTION
John A. Strand and Associates, Inc., in their
January, 1964 report to the City of Madison,
recommended that the future, six-lane divided
highway embankment
be
constructed of sand
fill, dredged from the lake bottom and piped
and placed hydraulically at the causeway site.
Estimated cost for the lake crossing, including
pavement construction and maintenance, was now
set at $1 250,000.
Bid quantities included
278,000 yd1 of dredged fill and all embankment
work was to be completed by the end of 1965.
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Figure 4.

Preconstruction slope stability studies were
performed on
a parametric basis, assuming
that undrained shear strengths
ranged
from
100 to 300 lbs/sq foot.
On this basis, the
stability analyses suggested that slope failure
would likely occur, along the northern half of
the causeway route, as the fill surface emerged
above lake level--unless the very soft lakebed
sediments gained additional strength via timedependent consolidation
under the new fill
loadings.

B-11
STA 108•10.
103'E

Because of this potential danger for embankment
failure, the Engineer could direct the Contractor to temporarily omit certain sections of
filling and/or temporarily suspend all filling
operations. Additionally, the fill was to be
placed in horizontal layers not exceeding 4'
in thickness below lake level and 2' in thickness above lake level.
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Instrumentation, to
assist
the Engineer
in
monitoring and controlling construction progress, consisted of 18 settlement platforms and
10 piezometers strategically located throughout
the length of the causeway route.
The Contractor moved his dredge to the designated
borrow area in April, 1965. However, dredging
operations proceeded at a much slower pace than
anticipated. Equipment
fa i 1 ures
contributed
significantly to this situation.
The
first
lift, throughout the entire length of causeway,
was not completed until late Augus~. Overall
thickness of the initial lift proved difficult

-

Representative Boring Logs.
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highway project was

200
~EG!ND

TABLE I

• GRAY CALCAREOUS SlLT (MARL)
10 DARK GRAY ORGANIC SILT

A TAN SILTY CLAY

PHYSICAL PROPER TIES OF
THE LAKEBED SEDIMENTS

Soil
~
Mar ·\

Natural
Moist ure
Conte nt
_(%)_

Submerged
Unit

Weight
(lbs/ft3)

Unconfined
Compressive
Strength
_(tony~

200-80

20 -25

0.0 - 0. 2

Or-ga n ic
Si 1t

50- 36

45-50

0 . 2- 0 .3

Silty
C1ay

45-3 0

45 - 50

0.2-0.3
140

to control.
Average lift thickness was on the
ord er of 6' and approached as mu ch as 10' i n
some locations.

Figure 5 .

160

Plasticity Ch a rt.

Installation of
the
settlement platforms and
p i ezometers was completed i n Septe mber, 1965.
I n i t i a 1 p i e z om e t e r r e ad i n g s i n d i c a t e d t h at , i n
ge neral, fill 1 oadi ngs were being transmitted
directly to the po re water. Little or no dissi pation in pore water pressure could be detected
at the piezometers .
The concern for potential
embankment fanure, as
the
fill SLirface was
brou g ht ab ov e lake 1 ev e l, was thus reaffirmed.

a nd 9, located at Stations 108 +40 an d 111 + ~0 ,
res pect i vely, had stopped functioning.
Tens1or
and/or shear cracks we re also observed near
Piezometer No. 9.
Subsequent settlement platfor m read i ngs in the pro x imity of th e shear
crack i ndicated that settlements u p to 0 . 75'
had occurred over the weekend.
It was further
noted that Settlement Platform No. 17 (Statior
111+30, 280'E) had r isen 0 . 2'.

Over the weekend of November 20 and 21, 1965,
the Contractor filled between Stations 106+00
an d 11 2 +0 0:
i •e • ,
between Bridge
St r u c t u res
236 and 237, respectively.
Up·to 6' or 8' of
new fill wa s added and the f i 11 surface stood
2' to 3' above lake level .
On the f o llowing
Monday, it was noted t hat P i e.zorn e ter No s. 7

Evi dence of an incipient shear failure (i.e. ,
the shear crack) could be traced from about
Stat i o n 103+00 north t o Station 111 +50, r unning
ge neral ly parallel
to and at a d ista nce o f
about 120' to 140' east of the e x isting railroad tracks.
Openings of 0.5" to 3" could be
meas u red across the shear cra c k and ve r tica l
displacements ranged up to 7 . 5".
Fi gure 6 is
a phot o g r aph of the incipient shear failure .
Fi lli n9 operations al ong the northern half of
the causeway route were halted on November 23 ,
1965. The Contracto r then moved his operat ions
to the southern half of the project, ge nerall y
brought fil l
1evel s
to project grade s,
a nd
shut down for the winter on December 9.

REVIEW OF EMBANKMENT STABILITY
The incipient shear failure at the north end of
the cau s eway
route c learly demons t rated the
critical nature of the in-situ subsoil c o nditions relativ e to embankm e nt stability.
Furthermore , it
re inforced
th e imp o rt a n ce
of
c areful ly monitoring and controlling constru ct ion progres s .
The tim ·i ng of t he inc i dent--a t
t he end of the construction seaso n-- al so fortuitouslY allowed a sufficient time period for
thor ough-review and analysis of the situation
prior to resumption of dredging operat io ns the
following spring.

Fi gure 6 .

Ini t ial revi e w
of
the sub s urface cond it i on·s
i mmedi a tely s ugge s ted
that
the marl wa s th e
we akest and most c ritical mat er i a l i n term s of
c aus eway stability.
This c on c lu s ion was base d
on the fact t hat this deposit was totally absent

Incip i ent Shear Fa il ure, Nov. 1965.
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from the south end of the project and that the
other lakebed sediments at the south end were
already satisfactorily supporting dredged fill
carried to specified project grade levels,

500

Five (5) additional soil borings were performed
in January, 1966 to provide further data on soil
shear strengths. Several vane shear tests were
performed and a number of 3" thin-walled tube
samples were recovered for triaxial shear testing purposes. The consolidated-undrained triaxial shear tests were performed in the University of Wisconsin, Madison
Soils Laboratory.
Test results indicated a friction angle,0cu•
of 20° and a cohesion intercept, Ccu, of 120 1 bs/
sq foot.
This translates into an equation for
shear strength of:
S

=

120 + 0.35 P0

LEGEND
~

AFTER
CONSTRUCTION AND FULL
DISSIPATION OF PORE PRESSURE

(1)

where:
S
P0

=
=

Figure 7.

safety

of

summation of resistance due to
shear strength along failure surface
summation of resistance due to
tangential components of weight
tending to resist rotation
summation of tangential components
tending to cause rotation

Various Embankment Stages Considered in Slope Stability Review.
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approximately

Further slope stability analyses then indicated
that the increased shear strengths, necessary
to support the proposed six-lane highway embankment with an adequate factor of safety (i.e.,
F ~ 1.25), would
be
obtained only after a
50% to 60% dissipation in excess pore pressure.
Unfortunately, this would occur, under natural
conditions, only after a period of 4 to 8 years.
Thus, project completion would have to be delayed, unless the process of pore pressure
dissipation could be accelerated, such as by
using sand drains.

(2)

Figure 8.

Shear Strength Data.

A minimum
factor of
1.00 was obtained.

where:

I:T 0

I

SHEAR STRENGTIHS BASED ON FIELD VANE
SHEAR TESTS
eSEPT. 1 9 6 5 - - - t - - - + - <t FEB. 1966

The validity of the triaxial shear strength
data was checked by slope stability analyses,
simulating the incipient shear failure conditions observed in the field.
No di ssi pat ion
of excess pore pressure was assumed and the
.undrained shear strengths of the
underlying
foundation soils
were determined using the
weight of the original lakebed sediments, only.
The factor of safety, F, using a total stress
analysis approach, was determined as follows:

I:TR

I

•JAN. 1973
1966
CJJUL.
!;~MAR. 1983

Figure 7 graphically depicts this relationship
between overburden pressure and shear strength.
Variation in measured shear strength data with
both depth and time is also noted.

LSl

~

SHEAR STRENGTHS BASED ON UNCONFINED
COMPRESSIVE STRENGTH TESTS

consolidated undrained shear strength
overburden pressure

F

OVERBURDEN PRESSURE, P0, PRIOR T

CONSTRUCTION
I Pf,
it OVERBURDEN
PRESSURE,

The applicability of sand drains to the causeway
project was therefore carefully explored. This
alternative proved to be very expensive, adding
up to $300,000 or more to project costs. Other
alternatives, including
underwater berms
and
reduced embankment widths (i.e., two lanes only)
were also studied in various detail.

TABLE II
SLOPE STABILITY SliM MARY
Estimated Parameters
Construction
Stage

Figure 8 is a representative cross section of
the causeway embankment and underlying subsoil
profi 1 e. The alternate
stages of embankment
construction, which were considered during the
slope stabi 1 i ty review, are indicated thereon.
Table II
summarizes
the resulting, minimum
factors of safety.

DESIGN AND CONSTRUCTION MODIFICATIONS
Given the impact of existing subsoil conditions
on increased project costs and probable time
dP.lays for project completion, Warzyn Engineering requested
that
a nationally-recognized
geotechnical consultant be engaged to assist
in reviewing the situation.
Thus, Philip C.
Rutledge, Meuser,
Rutledge,
Wentworth
and
Johnston, Consulting Engineers, New York, NY,
was retained in February, 1966.

Estimated
Factor of
Safety

%
Consol .1

Avg. Shear
Strength
200 psf

1-Fill Levels
End Nov. 1965

1.0

2-Stage I 2-Lane Causeway, Nov. 1967

1.20

25%2

325 psf

3-Stage I I 4-Lane Causeway, June 1976

1.35

60%3

500 psf

1 Under
2 November 1 g55 Fi 11 Level
3 Stage I Fill Level

was concluded that it was not
feasible to
complete the full width, six-lane highway embankment for a
period
of
at
least five
years.
However, it was agreed that there was
a
reasonable
possibility
that a
two-lane
highway embankment could be constructed immediately.
In addition, the safety of the modified
embankment cross section was to be enhanced
by placement of a berm, at least 2' thick, at
the outboard toe of the existing causeway embankment.

The use of sand drains to accelerate pore pressure dissipation, as well as settlement of the
underlying lakebed deposits, was discouraged.
The anticipated low values for the coefficient
of consolidation, Cv, coupled with presumed
equal vertical and horizontal permeabilities,
resulted in very close spacings of the sand
drains; i.e., 6' to 10' on centers.
Under
such circumstances, not only did costs become
excessive but the potential for disturbing the
lakebed deposits during installation of the
drains could outweigh any benefits.
Long-term
secondary compression, which is not accelerated
by sand drain installation, was judged to be
significant as well, thus further mitigating
the possible benefits of sand drain installation.

Accardi ngly, the Contractor was authorized to
recommence dredged filling operations on April
7, 1966. His first order of business was construction of
the
underwater berm north of
Station 104+00.
Upon completion of the berm,
all other underwater work was performed, whereafter the balance of fi 11 i ng above 1 ake level
was finished.
In general, dredging operations proceeded without further incident during 1966. Rough grading
of the Stage I embankment was completed in midsummer, prior
to
commencement of bridge construction. Figure 9 is a photograph of causeway
construction in early spring 1967.

Mr. Rut1 edge also conducted an independent slope
stability analysi~
which generally confirmed
Warzyn Engineer1ng s findings. As a result, it

The possibility of constructing a third lane
north of Station 1 09+50 to channel one 1 ane of
traffic across the easterly structure at Bridge
237 and, thereby, improve
the
transitional
traffic pattern at the northern causeway terminus, was reviewed in March, 1967.
Settlement
platform data confirmed that sufficient consolidation had taken place by then to provide an
adequate factor of safety for such a limited
widening. Otherwise, the Contractor was required to maintain the 1 ower berm 1 evel s not
more than 4' above 1 ake 1 evel south of Bridge
236 and 2' above lake level between Bridges
236 and 237.

Figure 9.

C~useway

The Monona Causeway was opened to traffic as a
two-lane highway, except
for
the transition
section at the north end, on November 23, 1967,
approximately five months behind the original

Construction.
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Settlement Platform Data.

Time Rate of Settlement,
Actual vs. Theoretical.
( 4)

t

where:

time schedule.
However, plans were
in the
process to expand the causeway to a full, fourlane highway in the early 1970's.

t

T

REVIEW OF EMBANKMENT SETTLEMENT

time
time factor relating to average
percent consolidation
length of drainage path
coefficient of consolidation

Again, the general relationship hetween actual
field conditions and classical soil rnechani cs
theory can be observed. The influence of secondary compression effects on overall consolidation
is also apparent.

Settlement calculations, performed in 1965 and
1966, were based on the following formula:
( 3)

where:
S

H
Cc
e0
P0

6P

settlement
thickness of compressible layer
compression index
initial void ratio
initial overburden pressure
change in stress due to new loading
condition

PROJECT MAINTENANCE
As of November, 1967, approximately 35% to 40%
of anticipated total consolidation of the existing lakebed sediments under causeway fill loadings, or about 5' to 5.5' of a total 12' to 15',
had occurred. Thus, very significant magnitudes
of settlement had yet to occur. This, of course,
translated into frequent and ongoing maintenance
problems.

The various soil parameters were obtained from
available laboratory test data and/or empirical
relationships dealing with natural
moisture
contents, 1 iquid limit moisture contents, and
speci fie gravity.
The effects
of
secondary
compression were ignored.

The primary problem was at the northern two
bridge locations, where the differential settlements between the stationary bridge decks and
the adjacent, "consolidating" fill
surfaces
created a
"roller coast·er"
effect.
This
prompted numerous complaints on the part of
motorists. Questions, such as "Is the causeway
sinking into
Lake Monona?", "Why were the
bridges built so much higher than the roadway?",
and "Is the causeway eroding into the lake?",
were commonly asked.

From the above, it was estimated that consolidation of the underlying lakebed sediments,
under proposed fill 1 oadi ngs, waul d range from
3' to 5 ' at the south end of the causeway to
10' to 15' at the north end.
Figure 10, which
graphically illustrates the magnitude and time
rate of settlement recorded at representative
settlement platform locations, demonstrates the
general reliability of the original settlement
calculations. The
tremendous
influence on
total consolidation due to the presence of marl
at the north end of the causeway project is also
readily apparent.

Maintenance records are somewhat sketchy, but
mud jacking of
the "hinged"
transitional
bridge slabs was done at 1 east annually and
probably more frequently in the early years.
Grade-level of the westernmost two 1 anes of the
causeway was raised and the highway repaved at
least twice through 1973 and again in 1976, when
the full four-lane highway was opened. Another
releveling and repaving cycle was completed in
1980.

Figure 11 compares recorded settlement platform
data, plotted as a percent of total consolidation, to the time rate of settlement based on
conventional,one-dimensional consolidation theory.
According to this theory:
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Significant lateral movement, both longitudinally and transversely, of the northerly two
bridge structures (i.e., Bridges 236 and 237)
have been noted.
These have been monitored
annually by
the Project Engineer, John A.
Strand and Associates.
Maximum movements of
1.5' or more have been measured.
Despite such
movements, though, the bridge structures have
undergone little distress.
However, it has
been necessary to provide greater lengths of
bearing plates at some beam supports to accommodate this movement.

performance and cost were recognized early ir
the design
process.
Furthermore, when
th~
incipient shear failure occurred in late 1965,
the geotechnical consultants were given full
authority to develop alternative constructior
procedures which permitted timely project completion.
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Time dependent
changes in pertinent subsoi 1
parameters, as delineated by various subsurface
investigations, are as noted in Table III.
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CONCLUSION
It is the opinion of the authors that the nearly
20 years of systematic observations and data
available from
the Monona Causeway Project
provide the geotechnical engineer with a valuable case study. Judicious use of available
empirical data, together
with
appropriate
application of classical soil mechanics theory,
clearly allowed the geotechnical consultants,
in 1965 and 1966, to adequately understand and
control embankment construction ••

Because both

the

Project Engineer, John A.
Inc. and the Owner, the
Clty of Madison, realized the complexities of
t~e existing subsurface conditions, the geotechnlcal consultants were accorded a key role on
the design team from project inception.
The
effects of
large-scale
and time-dependent
"foundation" settlement on 1 ong-term project
S~rand and Associates,

TABLE I I I
CHANGES IN SUBSOIL PARAMETERS WITH TIME

Soi 1 Type/
Parameter

Date of
Subsurface
Investigation
1963

1973

1 983

Marl
SPT, bl owsift
q u, tons/ft
N.M.,% (avg.)

l/48"-1
o.o-0.2
1 08.9

3-7
0.5-0.8
96.7

5-8
0.8-1.2
82.7

Organic Silt
SPT, bl OWS/lt
q u, tons/ft
N.M.'% (avg.)

l/30"-2
0.2-0.3
44.4

6-7
0.4-0.8
36.8

7-15

Silty Clay
SPT, bl owsift
qu • tons/ft
N.M.' % (avg.)

l/24"-3
0.2-0.3
39.0

6-9
0.4-0.8
28.4

1 0-1 8

32.5
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